A stalagmite from Prince of Wales Island grew episodically between ~75,000 and ~11,100 yr BP; interrupted by seven hiatuses. Hiatuses most likely correspond to permafrost development and a temperature drop of up to 5 °C from modern conditions. Intervals of calcite deposition place tight constraints on the timing of mild climatic episodes in Alaska during the last glacial period, when permafrost was absent, allowing water infiltration into the karst system. These periods of calcite deposition are synchronous, within dating uncertainties, with Greenland Interstadials 1, 10, 11, 12c, 14b-14e, 16.1a, 17.2, and 20c.
A stalagmite from Prince of Wales Island grew episodically between ~75,000 and ~11,100 yr BP; interrupted by seven hiatuses. Hiatuses most likely correspond to permafrost development and a temperature drop of up to 5 °C from modern conditions. Intervals of calcite deposition place tight constraints on the timing of mild climatic episodes in Alaska during the last glacial period, when permafrost was absent, allowing water infiltration into the karst system. These periods of calcite deposition are synchronous, within dating uncertainties, with Greenland Interstadials 1, 10, 11, 12c, 14b-14e, 16 .1a, 17.2, and 20c.
During the last glacial period the many regions experienced large variations in climate that were first identified in ice cores from central Greenland [1] [2] [3] . Known as Dansgaard-Oeschger (D-O) cycles, these climate oscillations have subsequently been recognized across the globe in places such as the monsoon regions of Asia 4, 5 , parts of the Southern Hemisphere [6] [7] [8] , and the North Pacific [9] [10] [11] [12] [13] . The mechanisms of these abrupt warmings and intervening coolings (including ice-rafting events) remain a heavily researched topic in the paleoclimate community [14] [15] [16] . Some sediment cores from the North Pacific have a sufficiently high resolution and extend back far enough to provide evidence of D-O cycles [9] [10] [11] [12] [13] , which are most prominent beyond 30,000 yr BP. In some cases there is good agreement between these marine proxy data and the Greenland ice-core data (e.g. 9, 12 ), supporting the idea of a teleconnection between the North Atlantic realm and the North Pacific. However, lack of suitable terrestrial samples at higher latitudes (>55°N) in the Pacific realm prevent this comparison. A robust and independent chronology of D-O cycles at high-latitude sites in North Pacific is therefore needed to further test the presence of teleconnections between these regions during the last glacial period. Here we present a speleothem record from Alaska that covers much of Marine Isotope Stage (MIS) 3, and provides a precise and independent chronology of short-lived warm intervals in Alaska. The robust dating of the speleothem record allows for a rigorous test of the temporal relationship of the observed warm phases in Southeastern Alaska with the D-O cycles observed in the North Atlantic.
site Location
Speleothem EC-16-5-F was collected from El Capitan Cave (56°9.72′N, 133°19.14′W) on Prince of Wales Island, Southeastern Alaska (Fig. 1) . The cave is developed in the Silurian Heceta Limestone, a nearly pure carbonate unit 17 . El Capitan Cave is the largest known cave in Alaska, with a total surveyed passage length of 3.85 km and a mapped vertical extent of 131 m, consisting of three main levels. Speleothem EC-16-5-F was found 90 m inside the middle level, which is horizontal from the main cave entrance. The stalagmite is 14 cm tall and its upper (youngest) part was missing. This passage is ventilated only when a sump deeper in the cave is low enough to allow air flow, which typically occurs in summer. The interior of the cave where the stalagmite was collected is ~80 m above sea level (a.s.l), with the catchment above the cave reaching an elevation of ~700 m a.s.l.
. Mean annual air temperature (MAAT) in the interior of El Capitan Cave is approximately 5 °C, and is most likely a good approximation of MAAT at the cave site.
Most of Prince of Wales Island is covered by Pacific coastal rainforest interspersed with muskeg (peatlands with bog and fen communities) 20 , containing only C 3 vegetation. Modern tree taxa in the region include Picea sitchensis (Sitka Spruce), Tsuga heterophylla (Western Hemlock), Tsuga mertensiana (Mountain Hemlock), Alnus (alder), and Pinus contorta ssp. contorta (Shore Pine) 21 .
Results
Petrography. Speleothem EC-16-5-F is composed of a translucent compact-columnar calcite fabric (Suppl. 1). Crystal length and width range from 0.5 to 6 mm and 0.6 to 2 mm, respectively. Individual crystals show even extinction under cross-polarized light and contain few solid and liquid inclusions. The stalagmite is segmented by distinct petrographic boundaries at 27.4, 42.5, 65, 80.9, 124.3, and 133.9 mm (Fig. 2) . Crystal growth came to a halt at four of the hiatuses. In the other two cases large columnar crystals continued to grow in optical continuity across the hiatus (Suppl. 1). All hiatuses are marked by a 5 to 100 µm thin layer of micrite. Only the hiatus at 27.4 mm shows indication of slight corrosion (Suppl. 1). There is no petrographic evidence of detrital sediment present at these hiatuses, which likely rules out flooding of the cave as a cause for these interruptions of growth. Most parts of this stalagmite reveal regular A-B-type epifluorescence banding, which most likely reflects seasonally-controlled influx of soil-derived fulvic and humic acids into the epikarst.
Chronology. The 21 ages (Table 1 , Fig. 2 ) define eight pulses of growth, separated by hiatuses corresponding to the petrographic boundaries (Fig. 2) . Initial growth commenced at ~75,125 ± 386 yr BP based on a U-Th sample from the base of the speleothem. Because this segment is only 6 mm thick, only one date was obtained. Assuming a growth rate similar to the younger parts of this speleothem (i.e., ~0.02 mm/yr) it likely represents <500 yr of growth. Based on estimated ages from the time-depth model (Fig. 2) , calcite deposition re-commenced at 59,750 ± 421 yr BP and lasted until 57,596 ± 797 yr BP. Subsequent growth phases estimated from the time-depth model are recorded between 54,147 ± 576 and 51,810 ± 1149 yr BP, 47,244 ± 669 and 46,165 ± 453 yr BP, 43,102 ± 374 and 42,339 ± 781 yr BP, 41,603 ± 501 and 40,972 ± 831 yr BP, and between 13,602 ± 459 and 11,100 ± 598 yr BP (Fig. 2) . The growth period between 13,602 ± 459 and 11,100 ± 598 yr BP records the Younger Dryas interval. www.nature.com/scientificreports www.nature.com/scientificreports/
Stable isotopes.

Discussion
Speleothem deposition at El Capitan Cave. Deposition of speleothem EC-16-5-F occurred in stepwise fashion, growing at ~0.02 mm/yr within each growth segment (Fig. 2) . As no sulfides are present in the host rock to allow for sulfuric acid dissolution of the limestone in the absence of soils 23 , speleothem growth at this site most likely took place when soil was present in the catchment, thereby promoting the production of soil carbon dioxide and carbonic acid dissolution of the carbonate bedrock. It is likely that permafrost, had it existed, would have effectively shut down the infiltration of water and therefore prevented calcite deposition. The growth segments recorded in the stalagmite therefore most likely represent intervals of relatively mild climate when MAAT was above freezing.
The intervals of non-deposition range from 1,000 to 28,000 years in duration (Fig. 2 ). In total, six distinct hiatuses and one cryptic hiatus (Fig. 2 ) define the boundaries of the growth segments. The latter occurs between 59,300 ± 787 and 57,970 ± 777 yr BP. Upon visual inspection, this growth segment appears continuous (Fig. 2) ; however, oxygen and carbon isotope values change sharply (by 0.4‰ and 3.9‰, respectively) at 128.5 mm. If we assume continuous deposition between the two dated samples, stalagmite growth slowed considerably to 0.004 mm/yr, inconsistent with typical values of ~0.02 mm/yr. We therefore suggest a cryptic hiatus at 128.5 mm (Fig. 2) . Applying the growth rate of 0.02 mm/yr, a period of growth occurred for ~450 years between 59,750 ± 421 and 59,300 ± 787 yr BP. The cryptic hiatus after 59,300 ± 840 yr BP spans ~1,300 yr. Growth re-commenced between 58,000 ± 782 and 57,596 ± 797 yr BP (Fig. 2) .
The hiatuses recorded in speleothem EC-16-5-F could represent hydrological re-routing or blockage, as noted in speleothem studies elsewhere 24, 25 . However, these processes tend to be permanent 26 , and are therefore not consistent with the continued growth of speleothem EC-16-5-F after each hiatus. Alternatively, periodic flooding of the cave could produce the observed hiatuses. However, there is no evidence of high-water marks or fine-grained slackwater deposits in the passageway where the speleothem was collected, or such detrital materials in the speleothem itself. Hiatuses could also form as a result of climate changes such as increased aridity 27 or permafrost, preventing water flow and calcite deposition 28 . As the MAAT at the site is presently about 5 °C, it is plausible that the MAAT during stadials was at or below 0 °C, and may have resulted in the development of discontinuous permafrost. Temperatures within the cave were also likely to be at or below 0 °C, as interior cave air temperatures closely correspond to the MAAT. A drop of 5 °C has been reported in Pacific marine cores during interstadial/stadial transitions 9, 11 . Glaciation may have also been a contributing factor in the formation of hiatuses by removing soils important for carbonate dissolution and speleothem deposition. However, the study of the glacial history in southeast Alaska/northern coastal British Columbia prior to the Last Glacial Maximum is still in its infancy. No www.nature.com/scientificreports www.nature.com/scientificreports/ glacial records in the region currently exist beyond the Last Glacial Maximum, which occurred between 17,000 to 22,000 yr BP 29 . Because of the uncertainty of glacial advances in the region, we prefer to use a more conservative approach and consider permafrost development to be a principal mechanism for hiatus formation in EC-16-5-F. U-Th ages constraining the individual growth phases and the intervening hiatuses are thus used to establish a record of mild and cold climate episodes in SE Alaska.
Synchronicity between high-latitude North Pacific and North Atlantic regions. Currently there
are no well-dated continuous terrestrial records from high-latitude sites in the North Pacific region that span the full interval of MIS 3, when D-O cycles are most prominent. In order to attempt to determine any apparent synchronicity between high-latitude North Pacific and North Atlantic regions, we compare episodic pulses of growth from speleothem EC-16-5-F with Greenland ice-core data.
The Greenland ice-core record serves as a Northern Hemisphere reference for alternating warm (Greenland interstadials, GI) and cold (Greenland stadials, GS) events during the last glacial period. We use the NGRIP record and the spliced GICCO5/ss09sea age model 30, 31 and follow the INTIMATE event stratigraphy 32 ( Fig. 3 ) in our comparison with the growth record of speleothem EC-16-5-F.
Growth phases recorded in speleothem EC-16-5-F are synchronous (within 2σ error of the time-depth model) with GI events 32 ( Fig. 3) providing strong evidence for D-O cycles in Alaska. However, difference between the records are also evident. Differences are initially seen in the termination of growth episodes in EC-16-5-F, marked by the presence of hiatuses. The termination of growth in EC-16-5-F is not always synchronous with GS events 32 . Calcite deposition at the end of GI-16.1a, GI-14b, and GI-12c stopped prior to the onset of the subsequent stadials in the Greenland record 32 (Fig. 3) . The modest discrepancies between records could possibly be due to permafrost sensitivity in Southeastern Alaska. Permafrost in the region may have developed with just a slight drop in MAAT, halting speleothem growth. This slight drop in temperature may only be subtle in the Greenland record, precluding it from being designated a GS event, but could have been significant enough to initiate the development of permafrost, resulting in the aforementioned hiatuses in EC-16-5-F. This demonstrates the high sensitivity of speleothem EC-16-5-F to changes in the MAAT, through the hypothesized linkage to permafrost development.
GIs 2-9, 13, 15, 18, and 19 are not recorded by speleothem EC-16-5-F. GI-13 has been reported as a minor interstadial in Greenland [30] [31] [32] . It is also poorly developed in the stalagmite records from Kleegruben Cave in the Austrian Alps 33 and in Crag Cave in Ireland 34 , sites which reflect the North Atlantic climate. GI-15, represented by GI-15.1 and GI-15.2, may also reflect minor interstadials, with GI-15.1 only being only 100 years long 32 . www.nature.com/scientificreports www.nature.com/scientificreports/ in our speleothem record may reflect lower summer insolation during this overall time frame 35 (Fig. 3) . It is possible that permafrost persisted through these missing GI events in Southeastern Alaska. Permafrost has many complex interactions with the surrounding landscape, involving slope, aspect, soil conditions, vegetation, and snow cover, which can allow it to persist at MAATs as high as 2 °C 36 . However, even with the complexities of permafrost, the overall evidence suggests synchronicity between the high-latitude North Pacific and North Atlantic climates.
The atmospheric teleconnection observed between the Greenland record and speleothem EC-16-5-F is also observed in oceanic processes in marine core S0201-2-85KL in the western Bering Sea 12 . The marine core has a similar high-latitude as El Capitan cave at 57°30.30′N. The proxy used in core S0201-2-85KL as an age control beyond ~30,000 yr BP is color B* spectral analyses (sediment color analyses used as a proxy for diatom content vs. detrital input) 12 , in part due to its similar fluctuations with the NGRIP δ 18 O record 30 (Fig. 3) . Increasing color B* indicates more diatoms 37 , and in core SO201-2-85KL are considered brief intervals of enhanced marine productivity, sudden sea-ice melt associated with the subsequent release of ice-rafted debris, and a higher bottom water calcite saturation state, and may be related to D-O cycles observed in the NGRIP record 12 . Color B* spectral analyses was therefore chosen as the principle proxy to correlate with growth phases recorded in speleothem EC-16-5-F to determine if they were synchronous (Fig. 3) .
Growth phases in speleothem EC-16-5-F are synchronous, within 2σ error, with increases in color B* during Greenland interstadial (GI) events 10, 11, 12c, 14b-e, and 20c 32 (Fig. 3) . GI events 16.1a and 17.2 32 , which are observed in speleothem EC-16-5-F, and are notable peaks in the Greenland INTIMATE chronology 32 (Fig. 3) , are not prominent in color B* in core S0201-2-85KL 12 . Color B* may not be a suitable proxy to show these events. Alternatively, there may be an error with wiggle-matching color B* in core S0201-2-85KL with the NGRIP record, or these two events are not well-expressed in all North Pacific marine records.
Interpretation of stable isotopes. The episodic growth of speleothem EC-16-5-F prevents a continuous paleoclimate reconstruction; however, certain interpretations can still be made. During MIS 3, average δ 13 C and δ
18 O values are relatively stable, ranging from −6.5‰ to −4.2‰ and −9.2‰ to −8.9‰, respectively. Since www.nature.com/scientificreports www.nature.com/scientificreports/ growth periods are attributed to relatively mild conditions when permafrost is absent, large isotopic transitions leading into and out of stadials are mostly missing in the EC-16-5-F record.
The largest change in both δ (Fig. 3) . This transition offers a glimpse of isotopic changes during a D-O cycle from an interstadial into a stadial. These isotopic shifts are difficult to interpret because no modern speleothem records exist for this region that would allow a calibration of the speleothem isotopic response to modern temperature/precipitation and vegetation changes. However, as moisture sources are not expected to have changed fundamentally during these periods, the large drop in δ
18
O most likely reflects cooler temperatures and/or an increase in the ratio of winter to summer precipitation. It is less clear why δ 13 C values decrease at this time. Cooling reflected in low δ
18 O values sometimes results in less soil productivity and higher δ 13 C values, but this is not the case in this record, which shows lower δ
18 O values corresponding to lower δ 13 C values (Fig. 3) . A change in the vegetation, such as a change from gymnosperms to angiosperms 38 , instead of just soil productivity, could be responsible for this pattern. Gymnosperms are known to have enriched δ 13 C leaf values compared to co-occurring angiosperms 39, 40 . Furthermore, δ 13 C of bulk sediment from a lake core collected on Baker Island, 100 km south of El Capitan Cave, when compared to pollen from the same horizon, shows a clear trend toward lower δ
13
C values corresponding to increased angiosperm presence (Alnus) and occurs during the coldest part of the record during the Younger Dryas interval. Higher δ
C values correspond to increased gymnosperm presence (e.g. Pinus, Tsuga mertensiana) and occur during the warmer parts of the record 38 . Therefore, the area may have been covered by angiosperm herbs and shrubs during cold intervals, while gymnosperm woodlands expanded during warmer intervals. These changes in δ
18
O and δ 13 C may be related to shifts and/or strength of the Aleutian Low, with an enhanced Aleutian Low providing warmer/wetter conditions needed for speleothem growth at these northern latitudes.
the Younger Dryas. It is interesting that the Younger Dryas chronozone (YD) is the only stadial fully represented in speleothem EC-16-5-F (Fig. 3) . Although the rate of calcite deposition during this interval did slow somewhat, deposition was maintained during this stadial, and implies that permafrost and glaciation were largely absent. It is also interesting that isotope values follow the same trend as from the lake core collected on Baker Island -lower δ 13 C values during progressively colder time intervals. Growth of speleothem EC-16-5-F during the YD stadial may imply that cooling associated with the stadial may have been relatively subdued compared to other stadials described in the INTIMATE event stratigraphy 32 ; however, this will require additional study. 
Methods
Speleothem EC-16-5-F was cut in half and polished. The orientation of the main growth axis changed several times in the speleothem during its growth (Fig. 2) . Total length was measured at 140.5 mm. Thin sections were made and examined using optical microscopy, including blue-light epifluorescence.
A total of 21 powdered calcite samples were manually drilled for U-Th dating under a laminar flow hood. An additional 452 samples were collected for stable isotope analyses using a Merchantek micromill every 0.3 mm from 0 to 133.5 mm and every 1 mm from 133.5 to 140.5 mm. All distances are measured from the top of the stalagmite (Fig. 2) .
U-Th samples were processed at the University of Minnesota Trace Metal Isotope Geochemistry Lab and analyzed using a ThermoFisher Neptune Plus multi-collector inductively coupled plasma mass spectrometer equipped with an Aridus desolvation nebuliser, following the method of Shen et al. 41 . Ages are reported with 2σ errors in years before present, i.e. before the year 1950 A.D. A time-depth model was created in OxCal 4.3 using the Bayesian approach 42, 43 , with a variable "k" parameter of 0.1-0.2 mm −1 (Fig. 2) . The duration of the hiatuses were estimated using the time-depth model (Fig. 2) .
Stable isotope samples were analyzed at the University of Innsbruck using a ThermoFisher Delta V isotope ratio mass spectrometer equipped with a Gasbench II 44 . Stable isotopes are reported in per mil relative to Vienna Peedee Belemnite (VPDB). Long-term analytical precision is better than 0.08‰ for both δ 
Data Availability
https://www.ncdc.noaa.gov/paleo/study/26770.
